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ABSTRACT 

The resul ts  of a t h e o r e t i c a l  and expe r imen ta l  i n v e s t i g a t i o n  of high- 

a l t i t u d e  an tenna  v o l t a g e  breakdown d u r i n g  t h e  r a d i a t i o n  of m u l t i p l e  s i g -  

n a l s  from one an tenna  system are p resen ted .  

The expe r imen ta l  and t h e o r e t i c a l  work of o t h e r  i n v e s t i g a t o m  is 

r e p o r t e d  and a p p l i e d  t o  t h e  problem of mul t i f r equency  breakdown. 

Maximum and minimum breakdown power l i m i t s  are developed t h e o r e t i c a l l y .  

Measurements of two- and th ree - f  requency breakdown power are d i s -  

cussed .  

ii 



Io INTRODUCTION 

The work t o  be d i s c u s s e d  i n  t h i s  r e p o r t  c o n s i s t e d  of a t h e o r e t i c a l  

and expe r fmen ta l  i n v e s t i g a t i o n  of low-pressure a n t e n n a  v o l t a g e  breakdown 

d u r i n g  r a d i a t i o n  of two o r  more s i g n a l s  of comparable a m p l i t u d e s  and f r e -  

quency s e p a r a t i o n  small compared t o  t h e  i n d i v i d u a l  f r e q u e n c i e s .  

The l i t e r a t u r e  was sea rched  and ana lyzed  c a r e f u l l y  i n  a n  e f f o r t  t o  

app ly  t h e  work of o t h e r  i n v e s t i g a t o r s  t o  t h i s  problem. C o n s i d e r a b l e  i n f o r -  

mat ion  x a s  found conce rn ing  CW breakdown, and some pub l i shed  work d e a l t  

with p u l s e  breakdown. L i t t l e  was found, however, of d i r e c t  a p p l i c a b i l i t y  

t o  m u l t f f  requency breakdown. 

Next,  work was done t o  deve lop  l i m i t s  on m u l t i f r e q u e n c y  breakdown and 

to deve lop  e q u a t i o n s  f o r  p r e d i c t i n g  breakdown. Both maximum and minimum 

power l i m i t s  have been developed  and a r e  p r e s e n t e d  i n  t h i s  r e p o r t .  An 

e q u a t i o n  f o r  p r e d i c t i n g  breakdown is  a l s o  p r e s e n t e d .  U n f o r t u n a t e l y ,  t h e  

, i pub1 ;shed 1 .i t e  r a  t u r e  ~ 

I The t h i r d  phase of t h e  work d i scussed  h e r e  w a s  an  expe r fmen ta l  program 

t o  measure breakdown powers i n  a t y p i c a l  a n t e n n a  r a d i a t i n g  mu1tip;fe s i g n a l s .  

These measurements a r e  p r e s e n t e d  i n  terms of breakdown power of a s i n g l e  

f r equency  s i g n a l  r a d i a t e d  from t h e  same an tenna  ~ 

L i t t l e  was d i s c o v e r e d  i n  t h e  course  of t h e s e  i n v e s t i g a t i o n s  t o  improve 

t h e  m u l t i f r e q u e n c y  breakdown c h a r a c t e r i s t i c s  of a n t e n n a s  o t h e r  t h a n  t h e  

a l r e a d y  known t e c h n i q u e s  f o r  improving t h e  CW breakdwwn performance.  How- 

e v e r .  vaPcies of m x l t i f r e q u e n c y  breakdown power f o r  two, t h r e e ,  and,  by 

e x t r a p o k a t f o n ,  f o u r  s i g n a l s  a r e  p re sen ted  i n  t h i s  r e p o r t ,  and it  is  hoped 

- -- :key W i l l  be x s e f u l  t o  t h e  an tenna  d e s i g n e r .  



11. VOLTAGE BREAKDOWN PHENOMENA 

Two e x c e l l e n t  g e n e r a l  r e f e r e n c e s  concerned w i t h  breakdown i n  non- 

2 
r a d i a t i n g  s t r u c t u r e s  are by Brown' and Gould and Rober t s  . 

shown t h a t  p r imary  i o n i z a t i o n  caused by e l e c t r o n  motion i s  t h e  p r i n c i p a l  

s o u r c e  of e l e c t r o n  p r o d u c t i o n  a t  high f r e q u e n c i e s .  The f r e e  e l e c t r o n s  caused 

by e x t e r n a l  r a d i a t i o n ,  e tc .  g a i n  energy from t h e  r ad io - f r equency  f i e l d  by 

hav ing  t h e i r  o r d e r e d  o s c i l l a t o r y  motion changed t o  random motion on c o l l i s i o n .  

T h i s  c o n t i n u e s  u n t i l  a n  e l e c t r o n  has g a i n e d  s u f f i c i e n t  ene rgy  t o  have a n  

i o n i z i n g  c o l l i s i o n  w i t h  a n e u t r a l  p a r t i c l e .  A g a s  d i s c h a r g e  o c c u r s  when t h e  

g a i n  i n  e l e c t r o n  d e n s i t y  by t h i s  i o n i z a t i o n  of t h e  gas becomes e q u a l  t o  t h e  

l o s s  of e l e c t r o n s  by d i f f u s i o n ,  recombinat ion (of e l e c t r o n s  w i t h  p o s i t i v e  

i o n s ) ,  and a t t a c h m e n t  (of e l e c t r o n s  t o  n e u t r a l  p a r t i c l e s )  . 

It  h a s  been 

3 

When e l e c t r o n  d e n s i t y  i n c r e a s e s  t o  a s u f f i c i e n t l y  h i g h  value i n  t h e  

v i c i n i t y  of a n  a n t e n n a  t r a n s m i s s i o n  of a s i g n a l  is s u b s t a n t i a l l y  b locked .  

The d e n s i t y  above which theare is p r a c t i c a l l y  no t r a n s m i s s i o n  is t h e  "plasma 

r e s o n a n t  d e n s i t y , "  n , which is  equa l  t o  1 0  /A e l e c t r o n s / c m  where h 

is t h e  wave leng th  i n  c m .  A t  a c o n c e n t r a t i o n  of n /2 s i g n a l  a b s o r p t i o n  and 

r e f l e c t i o n  are  n e g l i g i b l e ;  when c o n c e n t r a t i o n  i s  2n no s i g n a l  i s  p a s s e d ,  

t h e r e f o r e ,  n may be c o n s i d e r e d  a s h a r p  upper  l i m i t  f o r  t r a n s m i s s i o n .  

13 2 3 
P 

P 

P9 
4 

P 

1 
E l e c t r o n  Power Gain i n  a n  RF F i e l d  - 

A t  t h e  minimum f i e l d s  e x p e r i m e n t a l l y  determined f o r  breakdown t h e  ene rgy  

imparted t o  a n  e l e c t r o n  which does  no t  c o l l i d e  w i t h  o t h e r  p a r t i c l e s  i s  abou t  

e l e c t r o n  v o l t s .  T h i s  i s  i n s u f f i c i e n t  t o  i o n i z e ,  and it t h e r e f o r e  f o l l o w s  

t h a t  a n  e l e c t r o n  g a i n s  e n e r g y  u n t i l  it h a s  enough t o  ionEze a n e u t r a l .  

2 



Assume t h e  e l e c t r i c  f i e l d  and t h e  e l e c t r o n  v e l o c i t y  t o  v a r y  e x p o n e n t i a l l y .  

J u t  E = E e  
0 

v = V0" j u t  

w5ere E fs r m s  va lue .  
0 

The e l e c t r o n  motion i s  g i v e n  by 

dv  
d t  C 

m - + ( m 7 /  I v  = -Ee  

( 2 1  

( 3  1 

wtLere V c  Is the c o l l i s i o n  f r e q u e n c y ,  m t h e  e l e c t r o n  mass and e t h e  cha rge .  

Wirh t h e  s u b s t i c u r l o n  of e q s .  ( 1 2  and (2) i n t o  ( 3 )  we o b t a i n  a phaso r  v e l o c i t y  

-eE 
0 v =  o jom + ml/, . 

The phaso r  c u r r e n t  d e n s i t y  i s  t h e  p roduc t  of t h i s  v e l o c i t y ,  t h e  e l e c t r o n  

c h a r g e ?  and t h e  number of e l e c t r o n s  p e r  u n i t  volume. 

2 
ne E 

0 J = -neV = - 
o jum -t mVc 

ne 2 E -E/c - j  
0 w (51 

Power p e r  un i t  volume t r a n s f e r r e d  to t h e  e l e c t r o n s  t s  t h e  p roduc t  0f 

t h e  in-phase componenxs of f i e l d  s t r e n g t h  and c u r r e n t  d e n s l t y .  

An e f f e c t i v e  f r e ' l d  r n s e n s i t y  m a y  be d e f i n e d  as 
2 

2 2 v c  
E = E  
e 



4 

2 2  
e p =  - 

Then 
ne E 

“a/, 
(8) 

E q u a t i o n  (8) gives t h e  rate of i n c r e a s e  of ene rgy  of t h e  e l e c t r o n s  i n  

t h e  f 5 e l d .  Th i s  e n e r g y  i n c r e a s e s  u n t i l  u t i l i z e d  i n  e x c i t i n g  o r  i o n i z i n g  

c o l l i s i o n s .  

Margenau5 p o i n t s  o u t  t h a t  t h e  term m v  of eq.  ( 3 )  is o f t e n  t r e a t e d  as  
C 

a? empLrizaS parameter. 

Breakdown Equa t ion  

6 
The c o n t i n u i t y  e q u a t i o n  f o r  e l e c t r o n s  is 

3 
where n i s  t h e  e l e c t r o n  d e n s i t y  (ePectrons/zm 1 

1/i 

a/, 
S 

D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  f o r  e l e c r r o n s  ( c m  /set) 

is t h e  i o n i z a t i o n  r a t e  (ionizations/sec/electron) 

i s  t h e  a t t a c h m e n t  r a t e  (attachments/sec/electron) 

is t h e  i o n i z a t k o n  produced by a n  e x t e r n a l  s o u r c e  (electrons/cm3 s e e )  
- 

2 

Equa t ion  ( 9 )  n e g l e c t s  recombinat ion as a n  e l e c t r o n - l o s s  mechanism be- 

2 
c a u s e  of  i t s  small e f f e c t .  The l a s t  term i n  eq.  ( 9 )  may be r e p l a c e d  by 

a term which d e s c r i b e s  d i f f u s i o n  i n  terms of a n  e f f e c t i v e  “ d i f f u s i o n  l e n g t h “ .  

L ’ .  s o  t h a t  eq.  ( 9 )  becomes 
7 

For  p a r a l l e l  p l a t e  d i f f u s i o n  l e n g t h  L i s  e q u a l  t o  p l a t e  s e p a r a t i o n  d i v i d e d  

by TI. I n  g e n e r a l ,  L i s  de te rmined  ~y t h e  geometry of The s t r i c t x r e  (whether 

i t  i s  r a d i a t i n g  o r  n o t  is  of no ConseqSJence). 



5 

I n  Eq. (10) e l e c t r o n  loss by d i f f u s i o n ,  r e p r e s e n t e d  by t h e  l a s t  term, 

c a n  be i m p o r t a n t  f o r  ce r ta in  geometries. T h i s  i s  p a r t i c u l a r l y  t r u e  f o r  QJ, 

breakdown. However, i n  pu l sed  breakdown t h e  p u l s e  may be on f o r  such  a s h o r t  

t i m e  t h a t  t h e  d i f f u s i o n  l o s s e s  are small. Then t h e  f i e l d  r e q u i r e d  f o r  break-  

down t e n d s  t o  be independent  of t h e  geometry of t h e  breakdown s t r u c t u r e .  
6 

XLJ Breakdown - 
We n e g l e c t  t h e  term S i n  Eq.  ( l o ) ,  i o n i z a t i o n  from a n  e x t e r n a l  s o u r c e ,  

as small i n  t h e  v i c i n i t y  of CU breakdown. Then Eq.  (10) becomes € o r  s t e a d y -  

s ta te  c o n d i t i o n s  
4 

4 
MacDonald , u s i n g  measured d a t a  of o t h e r  i n v e s t i g a t o r s ,  t r e a t s  t h i s  C" 

breakdown v e r y  c a r e f u l l y .  H i s  r e s u l t s  are  p r e s e n t e d  h e r e  i n  F i g .  1 which 

shows t h e  breakdown f i e l d s  as a f u n c t i o n  of a l t i t u d e  f o r  f r e q u e n c i e s  of 

100 m e ,  and 3 ,  lo; 2 0 ,  and 35 Gc.  S t r u c t u r a l  geometry is c o n s i d e r e d  by 

s e t t i n g  L = A/2 f o r  t h e  dashed cu rves  (which migh t  co r re spond  t o  p a r a l l e l  

p l a t e s  s e p a r a t e d  by 4 . 7  c m  a t  1 0  G c )  and by making L i n f i n i t e l y  l a r g e  

f o r  t h e  s o l i d  c u r v e s  (approximated by a monopole a n t e n n a  b r e a k k g  down a t  

t h e  t i p  w i t h  no nea rby  s t r u c t u r e  t o  c a p t u r e  e l e c t r o n s ) .  

F i g u r e  1 shows v e r y  c l e a r l y  t h e  c o n s i d e r a b l e  advan tage  t o  be ga ined  

by u s i n g  h i g h e r  f r e q u e n c i e s  f o r  t r a n s m i s s i o n .  

2 
Gould and Rober t s  a l s o  t r e a t  cw breakdown e x t e n s i v e l y ,  b o t h  t h e o r e t -  

i c a l l y  and w i t h  measured d a t a .  T h e i r  work g i v e s  breakdown f i e l d s  o v e r  a 

wide range of d i f f u s i o n  l e n g t h s .  Scharfman and Morita have made measdre- 
6 

ments on a n t e n n a s  as  c o n t r a s t e d  t o  t h e  measurements of o t h e r s  d e a l i n g  i n  

the main w i t h  n o n - r a d i a t i n g  s t r u c t u r e s .  These a u t h o r s  c o n s i d e r  monopoie 

8 , 9  and a p e r t u r e  a n t e n n a  breakdown, b o t h  and p u l s e d .  H e r l i n  and Brown 



6 

4 are  a s o u r c e  of v e r y  complete  d a t a  on GU breakdown. MacDonald uses  t h e i r  

d a t a  exte n s  ive 1 y . 
Scharfman and M o r i t a  a l s o  d i s c u s s  t r a n s m i s s i o n  i n  t h e  p re sence  of a n  

i o n t z e d  medium, a plasma,  a s s o c i a t e d  wi th  a n t e n n a  r e e n t r y  i n t o  t h e  e a r t h s '  

a tmosphere.  I n  a s h o r t  s e c t i o n  t h e y  conclude t h a t  a p o s i t i v e  space  charge 

is  deve loped  around t h e  a n t e n n a ,  r e t a r d i n g  t h e  h i g h - v e l o c i t y  e l e c t r o n s  and 

d e c r e a s i n g  t h e  e l e c t r o n  d i f f u s i o n  ra te .  Thus t h e  power-handling c a p a b i l i t y  

of t h e  a n t e n n a  i s  lowered by t h e  ionized medium. I n  measurements,  Scharfman 

and M o r i t a  s i m u l a t e d  a r e e n t r y  plasma ( i n  e l e c t r o n  d e n s i t y  bu t  n o t  i n  

6 

e l e c t r o n  t e m p e r a t u r e )  by a d c  glow d i s c h a r g e  o v e r  t h e  a p e r t u r e  of a s l o t  

a n t e n n a  r a d i a t i n g  a t  373 mc. Without  t he  paasma t h e  a n t e n n a  r e q u i r e d  36 

w a t t s  f o r  breakdown. With a plasma of a p p r o p r i a t e  d e n s i t y  (plasma f r e -  

quency = 8900 6 = RF f r equency)  the  power f o r  breakdown w a s  reduced 

t o  7 w a t t s .  

P u l s e  Breakdown 

When a p u l s e  is appi ieci  io iirL s.r,tcz~n Lr? e 1nw-pressure r e g i o n  t h e  

g e n e r a l  form Eq.  (10) must be used. I n t e g r a t i n g  Eq.  (101 g i v e s  

where t h e  e f f e c t  of  t h e  e x t e r n a l  r a d i a t i o n ,  9 ,  is t o  s e t  t h e  i n i t i a l  con- 

c e n t r a t i o n ,  n of e l e c t r o n s  a t  z e r o  t i m e .  
0' 

MacDonald4 d i s c u s s e s  p u l s e  breakdown w i t h  t h e  a s sumpt ion  t h a t  d i f f u s i o n  

i s  un impor t an t .  Then E q .  (12) becomes 

where = yc - va . 
measyrements of H e r l i n  and Brown. 

MacDonald's da t a  are t a k e n  from t n e  ttloroilgh CtJ 

8 9 9  
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I n  Eq. (131, 3 / =  vi - 2/ a is a f u n c t i o n  o n l y  of  t h e  a p p l i e d  e l e c t r i c  

f i e l d .  For a r e c t a n g u l a r  p u l s e  

when t h e  p u l s e  i s  d i s c o n t i n u e d .  

n 

is  c o n s t a n t  from t i m e  z e r o  t o  t i m e  t = T ,  

Then Eq. (13) becomes 

(141 = n ~  dt 
0 

I f  t h e  c o n c e n t r a t i o n  r e a c h e s  t h e  plasma r e s o n a n t  d e n s i t y ,  n a t  t h e  end of  

t h e  p u l s e ,  p r a c t i c a l l y  t h e  e n t i r e  pu l se  w i l l  be t r a n s m i t t e d .  Thus 

P '  

VT 
n = n ~  

P O  
(151 

a l l o w s  t h e  p u l s e  t o  be t a a n s m i t t e d .  Eq. (151 may be s o l v e d  f o r  and 

from t h i s  t h e  e l ec t r i c  f i e l d  may be found. A h i g h e r  e l e c t r i c  f i e l d  would 

t h e n  n o t  allow t r a n s m i s s i o n  of t h e  complete p u l s e .  

MacDonald u s e s  a v a l u e  of n = lo3 e lec t rons / cm3  as  t y p i c a l ,  b u t  
0 

p o i n t s  o u t  t h a t  because of t h e  e x p o n e n t i a l  v a r i a t i o n  w i t h  time i n  Eq. (15) 

t h e  maximum e l e c t r i c  f i e l d s  are n o t  s i g n i f i c a n t l y  a f f e c t e d  i f  n r e a c h e s  

2 x iG , a v a i u e  ijtL;:, 2; - ,czslhl? II. s ~ m e  regions nf t h e  ionosphe re  above 

2 
300,000 f t .  Gould and Bober t s  concur w i t h  t h i s  o b s e r v a t i o n .  

0 

5 

MacDonald p r e s e n t s  h i s  r e su l t s  i n  t h e  form of c u r v e s  g i v i n g  t h e  peak 

f i e l d s  f o r  which 90 p e r c e n t  of a r e c t a n g u l a r  p u l s e  i s  t r a n s m i t t e d .  Th5s 

is done f o r  several p u l s e  l e n g t h s  and f r e q u e n c i e s .  F i g u r e  2 was t a k e n  

from h i s  work and compares p u l s e  breakdown f i e l d s  w i t h  ,cbl breakdown f i e l d s  

a t  100 m c .  Again it is noted that the  p u l s e  breakdown cu rve  and t h e  

s o l i d  a ' b r e a k d o w n  c u r v e  a re  based on t h e  a s sumpt ion  t h a t  d i f f u s i o n  i s  

un impor t an t .  As e x p e c t e d ,  g r e a t e r  peak p u l s e  power can  be r a d i a t e d  b e f o r e  

breakdown t h a n  i s  a l lowed  for CM. 

Gould and Rober t s  g i v e  a d d i t i o n a l  s i n g l e  p u l s e  breakdown d a t a  wEthout 

making t h e  a s sumpt ion  t h a t  d i f f u s i o n  is n e g l i g i b l e .  It is c l e a r  from t h e i r  
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d a t a  t h a t  d i f f u s i o n  is impor t an t  i n  p a r a l l e l - p l a t e  breakdown o n l y  f o r  t h e  

p r o d u c t  of p r e s s u r e  (mmHg) and p u l s e  l e n g t h  grea te r  t h a n  10 . A t  a n  

a l t i t u d e  of 200,000 f t .  t h i s  would g i v e  a p u l s e  l e n g t h  grea te r  t 5 a n  5 0  micro- 

s econds .  It i s  t h e n  a p p a r e n t  t h a t  MacDonald i s  j u s t i f i e d  i n  n e g l e c t i n g  

d i f f u s i o n .  

-5 

I n  t h e  work on s i n g l e  p u l s e  breakdown t h e  a s sumpt ion  i s  made t h a t  t h e  

e l e c t r o n s  c r e a t e d  by one p u l s e  are  t o t a l l y  d i s s i p a t e d  (by v e h i c l e  movement 

o r  t h e  pas sage  of t i m e )  b e f o r e  t h e  next  p u l s e  o c c u r s .  If t h i s  is n o t  t r u e  

t k e  e l e c t r o n s  l e f t  o v e r  from one p u l s e  w i l l  serve as t h e  i n i t i a l  c o n e e n t r a t r o n  

f o r  t h e  n e x t  p u l s e  and w i l l  l ower  t h e  breakdown peak f i e i d  from t h a t  of 

t h e  s l n g l e  pu l se .  

F o r  p u l s e s  which d e p a r t  n o t a b l y  from t h e  r e c t a n g u l a r  shape  (Gould and 

Rober t s  d i s c u s s  t h e  q u a s i - r e c t a n g u l a r  ca se )  Eq. 

E q .  (13) may be i n t e g r a t e d  t o  g i v e  

(14)  does n o t  h o l d ,  and 

I f  zhe time is s u f f i c i e n t l y  long  t h e  more g e n e r a l  e q u a t i o n .  d e r i v e d  from 

E q .  ! l a > ,  must be used ,  

/ t  

I n  t h e  i n t e g r a t i o n  of Eq. (161, t he  p u l s e  shape  w i l l  g e n e r a l l y  be known 

and n assumed t o  s u f f i c i e n t  accu racy .  Then 71/ may be de t e rmined  from 

measured d a t a  as a f u n c t i o n  of f i e l d  s t r e n g t h  and t h u s  of t i m e .  The i n t e -  

g r a t i o n  i n  Eq. (i6) may be performed numer i ca l ly .  Eq. (16) t t e n  w i l l  y i e l d  

t h e  e l e c t r o n  C o n c e n t r a t i o n  as  a f u n c t i o n  of t i m e .  I f  t h i s  r e a z h e s  che plasma 

resonant d e n s i t y  t h e  r ema in ing  p o r t i o n  of t h e  p u l s e  w i l l  no5 be t r a n s m i t t e d .  

0 
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It shou ld  be noted t h a t  t h e  problem of d e t e r m i n i n g  t h e  ampl i tude  of a n  

cdd-shaped p u l s e  which may be  t r a n s m i t t e d  w i t h o u t  s i g n i f i c a n t  a t r e n u a t  i on  

is q u i t e  d i f f i c u l t .  It would conce ivab ly  be done b e s t  by assuming a peak 

ampli t i lde and i n t e g r a t i n g  i n  Eq. (16) t o  de t e rmine  i f  t h e  plasma r e s o n a n t  

d e n s i t y  of e l e c t r o n s  were reached.  Then t h e  work would be r e p e a t e d  w i t h  

a lcwer o r  h i g h e r  v a l u e  of p u l s e  ampl i tude ,  w i t h  t h e  p r o c e s s  c o n t i n u e d  u n t i l  

t h e  c o r r e c t  a m p l i t u d e  were o b t a i n e d .  

F i g u r e  3 shows v a l u e s  of 3 / A  a s  f u n c t i o n s  of E A f o r  v a r i o u s  

p A as  a pa rame te r .  Wavelength is A ; p is  t h e  p r e s s u r e .  T h i s  f i g u r e  

w a s  adBpted from MacDonald who i n  t u r n  deve loped  it from t h e  d a t a  of 

H e r l i n  and Brown8”. 

low f i e l d  s t r e n g t h s  t o  be u s e f u l  f o r  a n y t h i n g  e x c e p t  r e l a t i v e l y  s h o r t ,  

h igh -ampl i tude  p u l s e s .  I n  a d d i t i o n ,  d i f f u s i o n  i s  n o t  t a k e n  i n t o  a c c o u n t  

i n  t h e  d a t a ,  and p u l s e s  of s u f f i c i e n t  l e n g t h ,  o r  r e p e t i t i v e  p u l s e s ,  canno t  

be handled i n  t h i s  manner. 

4 

F i g u r e  3 u n f o r t u n a t e l y  d o e s  n o t  e x t e n d  t o  s u f f i c i e n t l y  

The d a t a  n e c e s s a r y  for de te rmin ing  breakdown f i e l d s  f o r  many non- 

r e c t a n g u l a r  p u l s e s  are l a c k i n g .  MacDonald’s d a t a  d o  n o t  ex tend  t o  low 

v a l u e s  of t h e  f i e l d .  Gould and Roberts d i s c u s s  breakdown by n o n - r e c t a n g u l a r  

p u l s e s  and u s e  d a t a  o t h e r  t h a n  t h a t  used by MacDonald. They o b t a i n  t h e  

1 J 
i o n i z a t i o n  and a t t a c h m e n t  c o e f f i c i e n t s  f rom H a r r i s o n  and GebaSle , and 

e l e c t r o n  d r i f t  v e l o c i t y  d a t a  from Nie l sen” ,  Riemann and Townsend . 
Fiarr ison and G e b a l l e  g i v e  t h e i r  d a t a  i n  t h e  form of 

12 13 

where es$ i s  t n e  f i r s t  Townsend c o e f f i c i e n t  r e p r e s e n t i n g  t n e  number of 

i o n l z a t i o n s  made by a n  e l e c t r o n  a s  i t  moves t h r o u g h  one z e n t h e t e r ,  

is a recombinatron c o e f f r c i e n h  r e p r e s e n t i n g  t h e  n m b e r  of aE ia rhmen t s  p e r  

a;h. 



P O  

c e n t i m e t e r ,  and p i s  t h e  p r e s s u r e .  They a re  r e l a t e d  t o  t h e  i o n i z a t r o n  

and a t t a c k m e n t  c o e f f i c i e n t s  p r e v i o u s l y  d i s c u s s e d  i n  t h i s  p a p e r  by t h e  e l e c t r o n  

d r t f  t v e l o c i t y .  

P 
I ( - -  
d, 2t ) pvd v i -x -  P 

U n f o r t u n a t e l y ,  t h e  d a t a  of H a r r i s o n  and Geba l l e  d o  n o t  ex tend  t o  s u f f i c i e n t l y  

low f i e l d s  to a l l o w  c o n s i d e r a t i o n  of long p u l s e s  of low a m p l i t a d e .  T h e i r  

d a t a  e x t e n d  i n  v a l u e s  of t h e  r a t i o  

f o r  CW breakdown a t  100  mc and 200,000 ft. is t r a s t ,  t h e  v a l u e  of 

3 7 . 5  (MacDonald), w h i l e  f o r  breakdown f o r  1 . 0  mizrosecond pu!ses a t  tlie 

Same f r e q u e n c y  and a l t i t u d e  

t h e  s t u d i e s  of Gould and Rober t s  canno t  be a d a p t e d  t o  many problems of i n t e r e s t .  

from 25.0 t o  60.0. By way of con- 
E/P 

E/P 

= 150. It  i s  a p p a r e n t ,  t h e n  tha r  
E/P 

Gould and Rober t s  r ecogn ize  t h i s  d i f f i c u l t y  i n  t h e i r  d i s c u s s i o n  of 

m u l t i - p u l s e  breakdown. They s t a t e  t h a t  t o o  l i t t l e  i n f o r m a t i o n  is  avai l -  

a b l e  on e l e c t r o n  decay  i n  t h e  i n t e r v a l  between p u l s e s  t o  a l l o w  satisfactory 

r a l  c u l a t i o n s .  

F o r  t h e  mul t i - f  requency breakdown phenomena e o n s i d e r e d  i n  t h i s  r e p o r r  

-it w i l l  be  shown l a t e r  t h a t  t h e  envelope of t h e  e l e c t r E c  f i e l d  a p p l r e d  

t o  t n e  a n t e n n a  can  be cons ide red  as  a r e p e t i t i v e  p u l s e  w i t h  a shape Which 

d e p a r t s  g r e a t l y  from t h e  r e c t a n g u l a r .  i t ' s  a m p l i t u d e  var ies  from a 

maximum which is t h e  sum of t h e  i n d i v i d u a l  f i e l d s  a p p l i e d  t o  t h e  a n t e n n a  

and changes th rougn  several smaller maxima (and minima) t o  a value which 

may be z e r o  i n  some cases. I n  t h e o r y  rhe s o l u t i o n  of Eqs. (161 o r  ( l i !  

T O  o b t a i n  breakdown f l e l d s  seems a t t r a c t i v e  ( a l t h o u g h  long? ,  but ;n p r a c t i c e  

this LY s e v e r e l y  1imELed by t h e  l a c k  of r e l i a b l e  d a t a .  even rhough sx:h 

d a t a  have been acc-mulated o v e r  many y e a r s  



s 
Gsuld and Rober t s  g i v e  some of t h e i r  reszllts i n  a mos?: u s e f u l  form. 

Tney g i v e  t h e  r a t i o  of p a i s e  breakdown f i e l d s  t o  p r e s s u r e  as  a f x n t t h n  of 

t h e  p roduc t  of p r e s s u r e  and p a l s e  l e n g t h ,  d n d i c a t f n g  t h a t  t z l s  cclrve is 

t h e n  independent  of f r equency  Gr p u l s e  l e n g t h .  Data o b t a i n e d  from o t h e r  

i n v e s t i g a t o r s  and made w i t h  d i f f e r e n t  pu l se  l e n g t h s  f i t  their  curve v e r y  

w e l l .  F i g u r e s  4 and 5 are a n  a d a p t a t i o n  of  t h e i r  cu rve ,  ex tended  t o  

smaller values of p$ by u s e  of MacDonald‘s d a t a .  

breakdown f LeIds as a n  o r d i n a t e  t h e  r a t i o  of p u l s e  breakdown f i e l d s  t o  

CW breakdcwn f i e l d s  is  used ,  expres sed  i n  d e r i b e l s .  MacDonald’s d a t a  

are  f o r  133 inc w i t h  p u l s e  l e n g t h s  of 1,Q and 5.3 microseconds.  H i s  d a t a  

f o r  a f r e q u e n c y  of 3 Gc and p u l s e  l e n g t h s  of 0.05 and 0. P mfcroseconds 

a l s o  f Z t  t3e cyrve q n i t e  w e l l .  These cu rves  may be used to f i n d  p u l s e  

breakdown f i e l d s  q u i z k l y  when p r e s s u r e  and p u l s e  l e n g t h  are known. Use 

w i l l  be made of therz l a t e r  t o  f i n d  l i m i t i n g  f i e l d s  f o r  multifreqTiency 

b re a kd own a 

I n s t e a d  of u s i n g  p u l s e  

Thp 1”mitations of t h k  t h e o w  on which t h e  p r e c e d i n g  d i s m s s i o n s  have 

4 MacDonald 14 been based a r e  x m s i d e r e d  c a r e f u l l y  by Brown and MacDonaId. 

p c i n t s  o u t  t h a t  t h e  l i m i t s  of t h e  tneo ry  a r e  reached only m a few c a s e s ,  

ana t h e n  o n l y  a t  such  h i g h  a l t i t c l d e s  t h a t  t h e  c u r v e s  a re  f a r  from t h e r r  

minima and of l i t t l e  i n t e r e s t .  



I I I. MULTIFREQUENCY B BEAKDWN 

I n  t h e  u s u a l  c a s e  of  one an tenna  being used t o  t r a n s m i t  several s i g -  

n a l s  s i m u l t a n e o u s l y  t h e  s i g n a l s  w i l l  be s e p a r a t e d  by a f r equency  s p a c i n g  

small compared t o  any one of t h e  s i g n a l  f r e q u e n c i e s .  It may t h e r e f o r e  be 

assumed t h a t  breakdown w i l l  o c c u r  a t  t h e  same f i e l d  s t r e n g t h  f o r  a l l  s i g -  

n a l s .  It w i l l  a l s o  be assumed f o r  s i m p l i c i t y  i n  t h e  f o l l o w i n g  work t h a t  

a l l  s i g n a l s  have t h e  same ampl i tude  and t h a t  t h i s  ampl l tude  remains c o n s t a n t .  

T h i s  a i l o w s  f r equency  modula t ion  of t h e  s i g n a l s  b u t  n o t  ampl i tude  o r  p u l s e  

modulat  Ton. 

- Envelope Amp1 i t u d e  

When several s i g n a l s  of n e a r l y  the  same f requency  are added l i n e a r l y  

as  a t  a n  a n t e n n a ,  t h e  s l i g h t  d i f f e r e n c e  i n  t h e i r  f r e q u e n c i e s  is  unimpor tan t  

i n  de t e rmin ing  breakdown. The f a c t o r s  of importance a r e  t h e i r  ave rage  

f r e q u e n c y  and t h e  envelope  of t h e  wave which r e s u l t s  f rom t h e i r  a d d i t i o n .  

Oons ide r  t h e  phaso r  a d d i t i o n  of t h r e e  s i g n a l s  of f r e q u e n c i e s  o 1’ 

3’ 

Let  median f r equency  0 = (a1 + w33/2. 

0 2 ’  0 

0 

L e t  t h e  middle f r equency  w2 d i f f e r  f rom t h i s  mean by 

s =  u2 - wo 

L e t  
0 

p = o  - 0  
3 1 

w - 0  0 

(1 93 

(20) 

(211 

Le t  6 be the a n g l e  of s l g n a l  No. 2 a t  t h e  t L m e  of d e r e c t  a d d i t i o n  

of s i g n a l s  No .  l and No. 3. 

12 
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The p h a s o r s  f o r  t h e  t h r e e  s r g n a l s  may be drawn, h o l d i n g  t h e  middle  

f r e q u e n c y  phaso r  s t a t i o n a r y  

If e a c h  p h a s o r   AS a m p l i t u d e  E t h e  r e s u l t i n g  enve lope  f o r  t h e  mag- 
0 

n i t u d e  of t h e  t k r e e  p t a s o r s  is 

which r e d u c e s  t o  

0 
E = 1 + 4 c o s ( $ t  +@I cos  $ t  + 4 c o s ‘ p t  3 1’2 E h 

The a d d l t i o n  may a l s o  be performed g r a p h i c a l l y  f o r  p a r t i c u l a r  choEces of 

A computa t iona l  program was c a r r i e d  o u t  by d i g i t a l  computer t o  g i v e  

t h e  r e s u l t a n t  enve iope  as  a f u n c t i o n  of t L m e  f o r  (a) 5 = ’J c o r r e s -  

p o n d h g  t o  r h r e e  e q J a i i y  spaced f r e q u e n c i e s ,  and f$ a pa rame te r ,  and (b )  

@ = 0% ~ cor re spondrng  t o  a11 s i g n a l s  add ing  d i r e c t l y  a t  some instant, 

w t t n  a pa rame te r .  

Typrca l  res-llts of r_te zcmpntat ions are g i v e n  by F igures  6 thrcugr!  3. 

I n  P,g. 6 ,  where t h e  f f e l d s  add d f r e c t l y  a t  some i n s t a n t ,  t h e  o v e r a l l  

enve lope  a m p l r z d e  va rLes  from 3 E t o  0 .  I n  FLg. 7 ,  where one s i g n a l  

is a t  an a n g l e  of n/4 wtren r h e  o t h e r  two add d i r e c t l y  t h e  maxrmm and 

m i x m m  vaides are  2 . 8  E and 0.7 E . 

0 

0 0 



I n  g e n e r a l ,  

14 

E min = s i n  6 E 
0 

(24) 

( 2 5 1  

Both F l g s .  6 and 7 are f o r  t h r e e  e q u a l l y  spaced f r e q u e n c i e s .  

F i g u r e  8 shows one case f o r  unevenly spaced s i g n a l s .  Fo r  t h i s  f i g u r e ,  

6/p = 1/2 ,  which might ,  f o r  example, co r re spond  t o  t h r e e  s i g n a l s  of 

236, 238, and 244 me. F o r  Fig.  8, b = 0, cor re spond ing  t o  a l l  t h r e e  s i g -  

n a l s  a d d i n g  d i r e c t l y  t o  g i v e  a maximum of 3 E a t  one i n s t a n t  of t i m e .  
0 

Ffgure  9 i s  drawn f o r  d/f. = 0.8, which might co r re spond  t o  t h r e e  

s i g n a l s  of 236,236.8,  and 244 m c .  A l l  f i g u r e s  are p l o t t e d  i n  terms of 

t h e  d i f f e r e n c e  f r e q u e n c y  . A comparison of t h e  f i g u r e s  shows t h a t  a 

p e r i o d  of t h e  enve lope  d i f f e r s  s i g n i f  Lcan t ly  f rom one cu rve  t o  a n o t h e r .  

For 6/p = 0 t h e  envelope r e p e a t s  e a c h  2rr r a d i a n s  i n  p t .  € o r  

6p = 1/2 t h i s  r e p e t i t i o n  o c c w s  e a c h  4rr r a d t n s ;  w h i l e  f o r  

$ /a  = 0.8 t h e  p e r i o d  is  1011 radians. I n  g e n e r a l  r o r  

a n  Lnteger  t h e  p e r i o d  i s  2Kn r a d i a n s  i n  kt .  For K n o t  a n  i n t e g e r ,  t h e  

percod may be q-dite long.  One case which may be e a s i l y  c a l c u l a t e d  i s  f o r  

K =  $/5 = 1 + l /N ( 2 7 )  

w t t h  N a n  i n t e g e r .  I t  may be shown t h a t  a p e r i o d  i n  pt r e q u f r e s  

2 (N + 11 IT radfans.  

I n  Terms of t h e  t ime  T r equ i r ed  f o r  a p e r i o d ,  assume r h a t  P /  2;r = 

4 mc. Then f o r  t h e  t h r e e  c a s e s  d i s c u s s e d  h e r e  we might have 



F r e q u e n c i e s  (Me) T (microseconds)  

1 5  

0 

0.5 

0.8 

236,240,244 

236,238,244 

236,236.8,244 

Tab le  I 

0.25 

0.5 

1.25 

It shou ld  be noted t h a t  i n  t h e  c a l c u l a t i o n s  o n l y  

The use  of a median f r equency  of 240 mc is i l l u s t r a t i v e  on ly .  It would 

be e a s y  t o  assame a c a s e  ( f o r  example by making N large i n  Eq. ( 2 7 )  w i t h  

a n  e x t r e m e l y  long p e r i o d  f o r  t h e  envelope. 

and 6 are s i g n i f i c a n t .  

The above d i scc l s s ion  h a s  been w r i t t e n  f o r  phase -cohe ren t  s i g n a l s  w i t h  

no modulat ion.  I f  t h e  s i g n a l s  are  d e r i v e d  i n d e p e n d e n t l y  and d r i f t  even  

s l i g h t l y  i n  f r equency  o r  i f  t h e y  are modulated i n  f r e q u e n c y  t h e  enve lopes  

p i c t u r e d  h e r e  may be o n l y  approximations.  I n  f a c t ,  t h e  r e s u l t a n t  e n v e l o p e s  

w i l l  i n  g e n e r a l  be a p e r i o d i c .  It is ,  however, assumed i n  t h i s  work t h a t  

breakdown power f o r  phase-coherent  s i g n a l s  w i l l  n o t  d L f f e r  a p p r e c i a b l y  from 

t5at  f o r  non-coherent  s f g n a l s  of t he  same f r e q u e n c i e s .  l h l S  assumpriou 

j u s t i f i e d  t o  some degree  by measurements t o  be d e s c r i b e d  i n  a l a t e r  s e c t i o n .  

The computa t ions  f o r  f o u r  s i g n a l  f r e q u e n c i e s  were n o t  as e x t e n s 5 v e l y  

c a r r i e d  o u t  as f o r  t h e  th ree  f r e q u e n c i e s  because  t h e  a d d i t i o n a l  v a r i a b l e  

would make a complete  s e t  of r e s u l t s  ex t r eme ly  long.  However, F i g .  10 

shows t h e  c a s e  of f o u r  evenly-spaced ( i n  f r equency)  s i g n a l s ,  a l l  of whieh 

are so  phased t h a t  t h e y  add d i r e c t l y  a t  some i n s t a n t .  The a m p l i t u d e  he re  

v a r i e s  f rom 4 E t o  9, F i g u r e  11 is t h e  enve lope  of f o u r  e v e 2 l y  spaced 

s i g n a l s  w E t h  t h r e e  add ing  d a r e z t l y  and t h e  f o u r t h  a d d i n g  at a n  a n g l e  of 

x / 2 ,  a t  one i n s t a n t  of t i m e .  Here the peak Ps Powered and t h e  minimum is 

r a i s e d ,  as compared t o  t h e  f i r s t  case.  

0 
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L i m i t s  on M u l t i f r e q u e n c y  Breakdown 

T h e o r e t i c a l l y ,  t h e  breakdown f i e l d s  f o r  any  combinat ion of  s i g n a l  f r e -  

q u e n c i e s  may be o b t a i n e d  by c o n s i d e r i n g  a p e r i o d  of t h e  wave, as shown i n  

F i g s .  6 t h r o u g h  11, t o  c o n s t i t u t e  a pulse  of f r equency  e q u a l  t o  t h e  median 

f r e q u e n c y  of t h e  a p p l i e d  s i g n a l s .  Th i s  would be done,  as d i s c u s s e d  i n  a 

p r e v i o u s  s e c t i o n ,  by d e t e r m i n i n g  t h e  ne t  i o n i z a t i o n  c o n s t a n t  7 as a f u n c t i o n  

of t h e  enve lope  of t h e  a p p l i e d  e l e c t r i c  f i e l d s .  I n t e g r a t i o n  of t h e  approp-  

r i a t e  e q u a t i o n s ,  Eq. 16 o r  1 7 ,  would fol low.  I n  p r a c t i c e ,  d a t a  are l a c k i n g  

t o  a l l o w  t h i s  program t o  be c a r r i e d  o u t ;  i n  p a r t i c u l a r ,  d a t a  are n o t  ava i l -  

a b l e  f o r  t h e  small  ampl i tude  p o r t i o n s  of F i g s .  6 th rough  11. I n  a d d i t i o n ,  

s i n c e  t h e s e  "pu l ses"  a r e  r e p e t i t i v e  it  would n o t  be s u f f i c i e n t  t o  i n t e g r a t e  

o v e r  one p e r i o d  a l o n e .  T h i s  would f u r t h e r  compl i ca t e  t h e  s i t u a t i o n  s i n c e  

f o r  i n t e g r a t i o n  o v e r  a long  p e r i o d  of t i m e  t h e  more g e n e r a l  Eq. ( 1 7 1 ,  

i n c l u d i n g  d i f f u s i o n  e f f e c t s ,  might be n e c e s s a r y .  

These two problems, e s p e c i a l l y  the  l a c k  of d a t a ,  make d i r e c t  i n t e -  

g r a t i o n  from a knowledge of t h e  f i e l d  enve lope  a n  u n r e a l i s t i c  s o l u t i o n .  

Minimum F i e l d s  

The minimum power t h a t  can  be r a d i a t e d  b e f o r e  a n  a n t e n n a  b r e a k s  down 

w i l l  o c c u r  i f  t h e  peaks of t h e  envelope d e t e r m i n e  breakdown by a c t i n g  as  

a CW breakdown f i e l d .  F o r  phase-coherent  a d d i t i o n  w i t h  n s i g n a l s  a d d i n g  

i n  phase a t  some i n s t a n t  

= nEo = E 
ma  x cw, 

E 

where E i s  t h e  cw f i e l d  r e q u i r e d  f o r  breakdown. cw 

E = E  /n 
0 CW 

( 2 8 )  

( 2 9 )  
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The powers a re  r e l a t e d  by 

(3 01 2 P = P //r& 
0 cw/ L 

where Po i s  t h e  power of e a c h  s i g n a l .  T o t a l  power f o r  n s i g n a l s  is 

P = n P  = P  A n  (31) 
0 cw/ 

o r  

p/p = Vn 
C O  (321 

Equa t ion  ( 3 2 3  g i v e s  t h e  r a t i o  of minimum n-frequency power which can  be 

r a d i a t e d  b e f o r e  breakdown t o  t h e  s i n g l e  f r equency  power c a u s i n g  breakdown 

of t h e  same an tenna .  Table  I1 g i v e s  t h i s  r a t i o  i n  d e c i b e l s  f o r  v a r i o u s  

numbe rs of s i gna  1 s . 

n (db) p/pcw 

1 0 

2 -3.02 

( 1  -lo 3 -9 .  I "  

4 -6.03 

5 -7.00 

6 -7 .78 

Table I1 

Minimnm Mul t i f r equency  Power 

Table  I1 i s  a p p l i c a b l e  t o  phase-coherent  s i g n a l s  which add i n  phase 

a t  some I n s t a n t .  NOR-ccherent s i g n a l s  w i l l  a l s o  add d i r e c t l y  a t  some i n s t a n t ;  

t h e r e f o r e ,  Tab le  I1 a p p l i e s  t o  t h e  non-coherent c a s e  a l s o .  T h i s  is t r u e  

no mat te r  what t h e  i n d i v i d u a l  s i g n a l  f r e q u e n c i e s  a re .  

. 
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For t h r e e  c o h e r e n t  s i g n a l s  which add w i t h  a d i f f e r e n t  phase a n g l e ,  t h e  

maximum f i e l d  i s  

( 2 4 1  
0 

E max = [5 + 4 cos #] 

F o l l m i n g  t h e  development of Eqs. (28) t h rough  (321 g i v e s  t h e  minimum phree-  

f r equency  power t h a t  c a n  be r a d i a t e d  be fo re  breakdown, 

P - 3 - 
cw 5 + 4 c o s  B (33 I 

T h i s  r a t i o  i s  shown a s  a f u n c t i o n  o f  ang le  # i n  F ig .  1 2 .  Maximum l i m i t s  

and measured d a t a  are a l s o  shown i n  Fig. 1 2 .  These w i l l  be d i s c u s s e d  i n  

l a t e r  s e c t i o n s .  

Maximum F i e l d s  (AI  - Envelope V a l l e y s  

The maximum power t h a t  can  be r a d i a t e d  b e f o r e  breakdown w i l l  o c c u r  i f  

t h e  v a l l e y s  of t h e  enve lope  d e t e r m i n e  breakdown by a c t i n g  as a CW f i e l d .  

F o r  t h r e e  e q u a l l y  spaced c o h e r e n t  s i g n a l s ,  t h e  minimum f i e l d  is  

E min = E s i n  # ( 2 5 )  
0 

I t  f o l l o w s  t h a t  t h e  m k i m u m  power t h a t  can be r a d i a t e d  b e f o r e  breakdown, 

compared t o  CW breakdown, is  

(341 

T h i s  r a t i o  is  shown i n  P ig .  1 2 .  

F o r  t h r e e  c o h e r e n t  s i g n a l s  t h a t  a r e  n o t  e q u a l l y  spaced i n  f r e q u e n c y  

t h e  minimum f i e l d s  (envelope v a l l e y s ]  may a l s o  be de t e rmined  and t h u s  t h e  

maximum power which can  be r a d i a t e d  be fo re  breakdown. F i g u r e  13 shows 
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t h e  maxhum power l i m i t  as a f u n c t i o n  of '/K = . S i n c e  t h e  smallest 

enve lope  v a l l e y  can o n l y  be de t e rmined  by computing t h e  e n t i r e  enve lope  t h e  

maximum power l i m i t s  a re  g i v e n  o n l y  f o r  d i s c r e t e  values of K. A l s o  shown 

i n  P ig .  13 is a l i n e  r e p r e s e n t i n g  t h e  minimum power t h a t  c a n  be r a d i a t e d ,  

assuming t h a t  a l l  t h r e e  s i g n a l s  add d i r e c t l y  a t  some i n s t a n t .  F i g u r e  13  

i n c l u d e s  a cu rve  of measured breakdown d a t a .  T h i s  w i l l  be d i s c u s s e d  l a t e r .  

For non-coherent s i g n a l s  and f o r  c o h e r e n t  s i g n a l s  w i t h  p a r t i c u l a r  

phase r e l a t i o n s ,  t h e  smallest enve lope  v a l l e y s  may be z e r o .  T h i s  would 

g i v e  a maximum l i m i t  of i n f i n i t e  power r a d i a t e d  b e f o r e  breakdown. T h i s  is ,  

of c o u r s e ,  n e i t h e r  c o r r e c t  n o r  u s e f u l .  

Maximum F i e l d s  (B) - S i n g l e  P u l s e  Breakdown 

A n o t h e r  l i m i t  on t h e  maximum power r a d i a t e d  b e f o r e  breakdown i s  t h e  

breakdown caused by a p o r t i o n  of t h e  enve lope ,  F i g s .  6 t h r o u g h  11, f o r  

example. A s  d i s c u s s e d  b e f o r e ,  t h e  f u l l  e n v e l o p e  cannot  be  i n t e g r a t e d  t o  

f i n d  breakdown, f o r  p r a c t i c a l  r easons .  C o n s i d e r ,  however, t h a t  t h e  l a r g e s t  

( approx ima te ly  s i n u s o i d a l )  p u l s e  of t h e  enve lope  is consbiered L U  L.crus; 

breakdown, w i t h o u t  a s s i s t a n c e  from any o t h e r  p o r t i o n  of t h e  enve lope .  The 

l i m i t  o b t a i n e d  by t h i s  a s sumpt ion  may be much l a r g e r  t h a n  t h e  v a l u e s  

o b t a i n e d  by measurements,  b u t  it h a s  some p o t e n t i a l  u s e f u l n e s s .  

Examinat ion of a l l  t h e  e n v e l o p e s  computed for t h e  v a r i o u s  v a l u e s  of 

showed t h e  la rges t  p u l s e  of a l l  envelopes t o  have t h e  same h e i g h t  (3 Eo) K 

and a p p r o x i m a t e l y  t h e  same w i d t h  for c o n s t a n t  . T h e r e f o r e ,  t h e  c a l c u -  

l a t i o n s  t o  be d i s c u s s e d  he re  were c a r r i e d  o u t  f o r  t h e  c a s e  of t h r e e  e q u a l l y  

spaced s i g n a l s ,  K = 00 

The d e t e r m i q a t i o n  of breakdown was c a r r i e d  o u t  i n  t h e  f o l l o w i n g  manner: 

The e q u a t i o n  of t h e  e n v e l o p e ,  Eq. (23) w a s  u s e d ,  w i t h  @ = 0 and 

6 = 0, g i v i n g  
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( 3  51 
0 

E = + 4 c o s  P t  + 4 cos t] '/' E 

An a r b i t r a r y  p o r t i o n  of t h e  p u l s e  was chosen ( a t  t h e  c e n t e r  of t h e  p u l s e )  

and t h e  h e i g h t ,  h,  a t  t h a t  p o i n t  c a l c u l a t e d  from Eq. (35).  The a s sumpt ion  

w a s  made t h a t  t h e  p u l s e  caus ing  breakdown would t h e n  have t h e  h e i g h t  h 

and t h e  a r b i t r a r y  w i d t h  T as  shown i n  F i g .  14. Thus f o r  pu rposes  of 

c a l c u l a t i n g  breakdown t h e  approx ima te ly  s i n u s o i d a l  p u l s e  w a s  r e p l a c e d  by 

t h e  r e c t a n g u l a r  p u l s e .  Next, F i g s .  4 and 5 were used t o  give tbe a e e t a a g u l a r  

p u l s e  breakdown f i e l d s  i n  terms of CW breakdown f i e l d s .  

For breakdown t o  o c c u r ,  v a l u e  h must be e q u a l  t o  EE,  t h e  p u l s e  break-  

down f i e l d  of F i g s .  4 and 5. Then 

and 

and 

B i g u r e s  4 and 5 give t h e  f i r s t  term of Eq. (38)  d i r e c t l y ,  where E i s  
P 

t h e  p u l s e  breakdown f i e l d  and E is t h e  CW breakdown f i e l d .  cw 

S i n c e  breakdown is  a f u n c t i o n  of p u l s e  w i d t h  and h e i g h t ,  s e v e r a l  com- 

b i n a t i o n s  of w i d t h  and h e i g h t  were t r i e d .  The one g i v i n g  a minimum v a l u e  

of Eo/ Ecw w a s  assumed t o  be t h e  one a t  which breakdown a c t u a l l y  o c c u r r e d .  

The procedure i s  demons t r a t ed  by Table  111, f o r  a p r e s s u r e  of 0 .2  mm Hg 

and a d i f f e r e n c e  f r e q u e n c y  f o r  t h e  three e q u a l l y  spaced s i g n a l s  of P/zn = 4 m c .  
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T (sec1 

2 .5  x 

8 3.75 x 10- 

4.5 x 

5.0 x 

5.5 x 

6.25 x 

lo-'  

P T  - 
-9 

5.0 x 1 0  

7.5 

9.0 

-8 
1.1 x 10 

1.25 x 

2 . 0  x 

h/Eo (Eq. 351 

9.26''db 

8.92 

8.60 

8.38 

8.12 

7.66 

6.76 

'dncw (F ig .  41 Eo/Ecw (Eq. 381 

18.7 db  9.44 db  

1 7 . 8  8.88 * 

17.5 8.90 * 

17.3 8.92 * 

17.2 9.08 

17 .0  9.34 

16.2 9.44 

* Breakdown a t  t h i s  v a l u e  

Table I11 

T o t a l  power r e q u i r e d  f o r  breakdown c a n  t h e n  be c a l c u l a t e d  from 

2 '/pew = 3 (Eo/ Ecwl 

or 

0 
E 

db  'cw J d b  

- n 133 - - I + 1 0  log  3 
cw Y /  Y 

g t v i n g ,  f o r  t h e  case above ,  

WPCW = 8.9 + 4.78  = 13.7 d b  
db  

(391 

(401 

Table  I V  g i v e s  t h e s e  maximum s i n g l e  p u l s e  breakdown f i e l d s  f o r  d i f f e r e n c e  

f r e q u e n c i e s  of  t h r e e  s i g n a l s  ranging  from 0 t o  1 0  m c .  

D i f f e r e n c e  f r equency  P/2n, mc 

0 

* 01 

.05 

.1 

B 4 c w  (db) 

-4.78 

2 . 4  * 

6.8 

7.9 
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Table  I V  Continued 

D i f f e r e n c e  f r equency  f%n, m c  

.2 

.4 

.6 

-8 

9.9 

10.0 

10.7 

11.2 

1 11.5 

2 12.6 

4 13.7 

6 14.5 

8 15 .1  

10 15.7 

* Macdonald 's  5 microsecond d a t a  used. Use of h i s  1 microsecond d a t a  
would add abou t  2 1/2 d b  t o  t h i s  value. Macdonald's 1 microsecond 
d a t a  used f o r  a l l  o t h e r  c a l c u l a t i o n s .  

Table I V  

I t  shou ld  be noted t h a t  the maxiuuui b i z z k ? ~ ~ ! ?  limit de te rmined  i n  t h i s  

f a s h i o n  i s  a f u n c t i o n  of p r e s s u r e .  It a l s o  r e q u i r e s  t h e  u s e  of d a t a  o b t a i n e d  

by o t h e r  i n v e s t i g a t o r s .  The o t h e r  l i m i t s  used do no t  depend e i t h e r  on 

p r e s s u r e  o r  on measured d a t a .  



I V .  BREAltD0" MEASUREMENTS 

Measuring System and P rocedures  

The measuring s e t u p  shown i n  Fig.  15 was used t o  measure power r e q u i r e d  

f o r  a n t e n n a  breakdown f o r  s i n g l e  f r e q u e n c i e s  and f o r  m u l t i p l e  f r e q u e n c i e s ,  

c o h e r e n t  and non-coherent .  

The o s c i l l a t o r s  a r e  Genera l  Radio Uni t  o s c i l l a t o r s  o p e r a t i n g  i n  t h e  

range 236 mc t o  244 mc. The GR Bridge o s c i l l a t o r ,  when u s e d ,  o p e r a t e s  a t  

4 mc. The f i r s t  a m p l i f i e r s  a r e  Rad ia t ion ,  I n c .  Types 3021 and 3115 o s c i l -  

l a t o r y  modi f ied  by removing t h e i r  c r y s t a l s  and a p p l y i n g  t h e  s i g n a l  t o  be 

a m p l i f i e d  t o  t h e  c o n t r o l  g r i d  of t h e  second mixer s t a g e .  The f i n a l  ampli-  

f i e r  is a Tele-Dynamics, I n c .  RF power a m p l i f i e r ,  Type 1101. The m u l t i -  

p l exe r s  used f o r  s e p a r a t i n g  t h e  components of t h e  modulated s i g n a l  f o r  

s e p a r a t e  a m p l i f i c a t i o n  ( f i r s t  m u l t i p l e x e r )  and recombining t h e  t h r e e  s i g -  

n a l s  (second m u l t i p l e x e r )  are Bantec Type MT - 433. 

Three  phase-coherent  s i g n a l s  were o b t a i n e d  by modula t ing  a 240 mc 

s i g n a l  by a 4 mc modula t ing  s i g n a l  i n  t h e  c r y s t a l - d i o d e  modula tor .  The 

phase of one s i g n a l  was a d j u s t e d  by i n s e r t i n g  s e c t i o n s  of a i r  l i n e  b e f o r e  

one a m p l i f i e r .  The non-coherent  s i g n a l s  were o b t a i n e d  by f e e d i n g  t h e  

t h r e e  o s c i l l a t o r  s i g n a l s  d i r e c t l y  t o  the f i r s t  a m p l i f i e r ,  bypass ing  t h e  

f i r s t  mu1 t i p l e x e  r . 
The a n t e n n a  i s  a s t u b  c o n s i s t i n g  of a n  i n n e r  conduc to r  of d i a m e t e r  

1 /8  " e x t e n d i n g  v e r t i c a l l y  o u t  of a hol low s l e e v e  of i n n e r  and o u t e r  d i -  

amerjlers r e s p e c t i v e l y  9/32 " and 5/16 " . The d i s t a n c e  from ground p lane  

t o  t h e  t o p  of t h i s  v e r t i c a l  o u t e r  s l e e v e  is 4" . The i n n e r  c o n d u c t o r ,  and 

an tenna  p r o p e r ,  p r o t r u d e s  9 1/8" from t h e  s l e e v e .  Both t h e  i n n e r  conduc to r  

and o u t e r  s l e e v e  a r e  s o l d e r e d  t o  a p p r o p r i a t e  components of a type  N 

23 
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c o n n e c t o r  and t h e n  connected i n  t h e  usua l  manner t o  a type  N c o n n e c t o r  

e x t e n d i n g  t h r o u g h  t h e  ground p l a n e  ( t h e  f l o o r  of t h e  vacuum chamber). 

foamed p o l y s t y r e n e  s p a c e r  is used between t h e  a n t e n n a  and o u t e r  sleeve. 

One 

Measured a n t e n n a  impedances a t  t h r e e  f r e q u e n c i e s  used (measured n o t  

a t  t h e  i n a c c e s s i b l e  a n t e n n a  t e r m i n a l s  but  a t  a c o n n e c t o r  on t h e  f r o n t  of 

t h e  vacuum chamber pe rhaps  8 i n c h e s  from t h e  a n t e n n a  c o n n e c t o r )  are shown 

i n  Tab le  V. 

Frequency, M c  

23 6 

240 

244 

W B .  db  

4.5 

4.0 

4.4 

Impedance 

5 0  + j 2 4  

50  + j 2 7  

4 8  + j 2 7  

Table V 

A s  a check on t h e  measured impedances, power r e q u i r e d  f o r  breakdown 

w a s  a l s o  measured as  a f u n c t i o n  of frequency.  T h i s  h a s  a much g r e a t e r  

v a i l a l r y  L i i a i i  t k  lq?.’=rtce meaciirements. s i n c e  t h e  measuring a p p a r a t u s  is 

i n  t h e  n e a r  f i e l d  of t h e  a n t e n n a ,  and is n o t  t h e  same f o r  impedance measure- 

ments a s  f o r  breakdown measurements. Table  VI shows t h e  s i n g l e - f  requency 

breakdown power as a f u n c t i o n  of f r equency ,  r e l a t e d  t o  breakdown power a t  

2 3 6  M e .  

Frequency,  M e  

23 6 

23 7 

23 8 

23 9 

2 4 0  

242 

Table V I  

Breakdown Power. db 

0 

-0.07 

-0.25 

-0.34 

-0.68 

-0.61 
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T a b l e  V I  shows t h a t  t h e  a n t e n n a ,  as used f o r  m u l t i f r e q u e n c y  breakdown 

e x p e r i m e n t s ,  has  a s u f f i c i e n t  bandwidth. T h i s  i n f o r m a t i o n  i s  shown a l s o  

by F ig .  16.  

The p r e s s u r e  used i n  t h e  vacuum chamber was abou t  0.2 mm Hg, co r -  
4 

r e spond ing  t o  a n  a l t i t u d e  of abou t  200,000 f t .  

w a s  r e p e a t e d  several times as t h e  p r e s s u r e  s l o w l y  i n c r e a s e d  because of 

small a i r  l e a k s .  These measurements were t h e n  averaged t o  g i v e  one d a t a  

p o i n t .  The same small range of p r e s s u r e s  was used f o r  e a c h  d a t a  p o i n t .  

No co ld  t r a p s  were p rov ided ,  and normal room a i r  w a s  used w i t h  no a t t e m p t  

t o  remove m o i s t u r e .  Temperature was also l e f t  f r e e  t o  v a r y  o v e r  a com- 

f o r t a b l e  room t e m p e r a t u r e  range. 

Each t y p e  of measurement 

The p r e s s u r e  used a l lowed  ve ry  n e a r l y  a minimum breakdown power, 

i m p o r t a n t  because of t h e  r e l a t i v e l y  low power c a p a b i l i t y  of t h e  system. 

I n  a d d i t i o n ,  t h i s  p r e s s u r e  caused t h e  e l e c t r o n  l o s s  t o  be c o n t r o l l e d  by 

a t t a c h m e n t  a t  b o t h  CW and w i t h  m u l t i p l e  f r e q u e n c y  s i g n a l s .  A s  mentioned 

pLcv;u~sly, ;:lse h r o i l d n w n  i s  a p t  t o  be a t t a c h m e n t  c o n t r o l l e d  even  i f  CW 

breakdown w i t h  t h e  same a n t e n n a  i s  c o n t r o l l e d  by d i f f u s i o n .  The c h o i c e  of 

a n t e n n a  end p r e s s u r e  used i n  t h i s  expe r imen ta l  work i n s u r e d  t h e  same break-  

down mechanism f o r  a l l  t y p e s  of breakdown, g i v i n g  more meaning t o  t h e  r e s u l t s .  

Some i n v e s t i g a t o r s  u se  a n  i o n i z i n g  s o u r c e  i n  t h e  v i c i n i t y  of t h e  a n t e n n a  

t o  a s s u r e  a c o n s t a n t  s u p p l y  of e l e c t r o n s  t o  i n i t i a t e  breakdown. One w a s  

n o t  used i n  t h i s  s t u d y ,  bu t  even  so,  cons t ancy  of breakdown power w a s  

r e l a t i v e l y  good. 

S i n g l e - f  requency breakdown was measured by s l o w l y  i n c r e a s i n g  t h e  p l a t e  

s u p p l y  v o l t a g e  t o  t h e  f i r s t  a m p l i f i e r  w h i l e  o b s e r v i n g  t h e  r e a d i n g s  of t h e  

two power meters. Breakdown was assumed t o  o c c u r  w i t h  t h e  appea rance  of a 

v i s i b l e  glow on a p p r o x i m a t e l y  t h e  upper 1" of t h e  a n t e n n a .  S i m u l t a n e o u s l y  
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t h e  r e f l e c t e d  power i n c r e a s e d  v e r y  s h a r p l y .  The power r e a d i n g s  g i v e n  i n  

t h i s  r e p o r t  are t h e  v a l u e s  j u s t  b e f o r e  breakdown. An i n t e r v a l  of a b o u t  one 

minute  w a s  a l lowed between breakdowns, s i n c e  i t  was found t h a t  i n  t h e  f i r s t  

f e w  seconds  a f t e r  one breakdown a n o t h e r  cou ld  be i n i t i a t e d  w i t h  l e s s e n e d  

power. A f t e r  pumping down t h e  vacuum chamber t h e  f i r s t  breakdown power 

level  was n o t  recorded s i n c e  it tended t o  be q u i t e  e r r a t i c .  N o  d i s t i n c t i o n  

could be made i n  t h e  measurements between t h e  appea rance  of t h e  v i s i b l e  

glow and t h e  i n c r e a s e  i n  r e f l e c t e d  power, s o  t o  t h e  l i m i t s  of d i s c r i m i n a t i o n  

a v a i l a b l e  t h e s e  were c o n s i d e r e d  t o  occur  s i m u l t a n e o u s l y .  

When breakdown o c c u r r e d ,  t h e  power read by t h e  forward-power me te r  

remained r e l a t i v e l y  c o n s t a n t ,  b u t  t h e  r e f l e c t e d  power i n c r e a s e d  g r e a t l y .  

Overall ,  t h e  r a d i a t e d  power dropped by abou t  2 db. A s  s t a t e d ,  t h e  v i s i b l e  

glow appea red  o n l y  n e a r  t h e  a n t e n n a  t i p ,  l e a v i n g  a l a r g e  p a r t  of  i t s  l e n g t h  

f ree  f o r  r a d i a t i o n .  It is p robab le  t h a t  f o r  o t h e r  a n t e n n a s ,  such  as s l o t s  

f o r  example,  t h e  r a d i a t e d  power on breakdown would d e c r e a s e  much more 

- -  c L -  - - - l - . n  nhtsinprl he,-e LL1-11 C L L L  " Y L U b  .," --_____ 
M u l t i f r e q u e n c y  breakdown was measured by r e p l a c i n g  t h e  forward-power 

meter by t h e  spec t rum a n a l y z e r  so  t h a t  t h e  ampl i tude  of e a c h  s i g n a l  could 

be mon i to red  s i m u l t a n e o u s l y .  The p l a t e  s u p p l y  v o l t a g e  t o  e a c h  a m p l i f i e r  

w a s  i n c r e a s e d  s l i g h t l y  i n  t u r n ,  keeping t h e  s i g n a l  a m p l i t u d e s  as  d i s p l a y e d  

by t h e  spec t rum a n a l y z e r  approx ima te ly  c o n s t a n t ,  u n t i l  breakdown o c c u r r e d .  

The power meter t h e n  r e p l a c e d  t h e  spectrum a n a l y z e r .  The f i n a l  a m p l i f i e r  

w a s  s w i t c h e d  o f f  t o  e x t k n g u i s h  t h e  glow, and t h e n  swi t ched  on and t h e  

power meters read b e f o r e  t h e  glow reappeared.  

I n  p r a c t i c e  t h e  measurements were n o t  a lways made independen t ly .  

To minimize t h e  e f f e c t s  of ambient  t e m p e r a t u r e ,  a i r  compos i t ion ,  e t c .  a 
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muit  i f  requency breakdown measurement was a l t e r n a t e d  w i t h  a s i n g l e  f r equency  

measurement when it was d e s i r e d  t o  compare t h e  two. A s  imp l i ed ,  however, 

s e v e r a l  measurements of each  were averaged b e f o r e  comparison. 

Power Required f o r  Breakdown 

Power r e q u i r e d  t o  b reak  down t h e  antenna a t  236 M c  w a s  i n  t h e  ne ighbor-  

hood of 7 watts.  O the r  an tennas  were t e s t e d  which r e q u i r e d  less power, b u t  

no s u f f i c i e n t l y  broad-band an tenna  w a s  found. Minimum ave rage  power f o r  

one group of r ead ings  was 6.3 wat ts ;  maximum ave rage  power f o r  a n o t h e r  group,  

t a k e n  on a n o t h e r  day,  w a s  7.9 watts,  a d i f f e r e n c e  of 1 .0  db. A similar 

v a r i a t i o n  was found f o r  mul t i f r equency  powers. A s  s t a t e d ,  t h i s  v a r i a t i o n  

was large ly  qvercgme by comparing mul t i f r equency  power t o  s i n g l e  f r equency  

power f o r  a l t e r n a t e d  measurements. This v a r i a t i o n  i s  f o r  ave rage  v a l u e s  

of groups  as compared t o  each  o t h e r .  For t h e  s e v e r a l  r e a d i n g s  i n  each  

group,  a s  p r e s s u r e  v a r i e d  over  a small r ange ,  most of t h e  i n d i v i d u a l  r e a d i n g s  

;;:r" f ~ z n d  t c  1 : ~  w i t h i n  0.1 db of t h e  group a v e r a g e  f o r  s i n g l e - f r e q u e n c y  

d a t a  and w i t h i n  0.2 db f o r  mul t i f r equency  d a t a .  T h i s  g i v e s  corlridence t h a t  

t h e  m a s u r e m e n t s  do  p r o v i d e  meaningful  d a t a .  

Two - Frequency Breakdown 

Breakdown power was measured f o r  two independent  s i g n a l s  as a f u n c t i o n  

of t h e i r  d t f f e r e n c e  f r equency .  T h i s  was done f o r  combina t ions  of 236 and 

238, 256 and 240, 236 and 242, and 236 and 244 Mc. F l g u r e  1 7  shows t h e  

r e s u l t s .  The t o t a l  power f n  t h e  two s i g n a l s  r e q u i r e d  f o r  breakdown was 

about  4 1/2 wat t s ,  a s  compared t o  about 6 1/2 w a t t s  f o r  s i n g l e  f r equency  

( 2 3 6  Mc) breakdown. T h i s  d i f f e r e n c e  seemed t o  be l a r g e l y  independent  of 

t h e  f r equency  d i f f e r e n c e .  
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Three - Frequency Breakdown, Coherent  S i g n a l s  

Three  phase-coherent  s i g n a l s  o f  f r e q u e n c i e s  236, 240, and 244 Mc were 

used t o  measure breakdown as a f u n c t i o n  of  @ , t h e  phase a n g l e  of t h e  240 Mc 

s i g n a l  when t h e  o t h e r  two s i g n a l s  add a t  Oo. The resu l t  i s  shown i n  F ig .  12 ,  

which a l s o  shows t h e  minimum and maximum t h e o r e t i c a l  l i m i t s  d i s c u s s e d  i n  a 

p r e v i o u s  s e c t i o n .  The measured cu rve  a p p e a r s  t o  f o l l o w  t h e  t h e o r e t i c a l  

minimum, d i f f e r i n g  from it by a b o u t  3 db. T h i s  expe r imen t  does  n o t ,  of 

c o u r s e ,  d u p l i c a t e  c o n d i t i o n s  e x i s t i n g  f o r  modulated and i n c o h e r e n t  s i g n a l s .  

Three - Frequency Breakdown as  a Func t ion  of D i f  f e r e n c e  Frequency 

Three e v e n l y  spaced ,  b u t  i ndependen t ly  d e r i v e d  and t h e r e f o r e  i n c o h e r e n t  , 

s i g n a l s  were measured. R e s u l t s  are  shown by F ig .  18. The l o w e s t  f r e q u e n c y  

i n  a l l  cases was 236 Mc and t h e  d i f f e r e n c e  f r e q u e n c y  ranged from 1 t o  4 Mc. 

F ig .  18 shows t h a t  s l i g h t l y  more power c a n  be t r a n s m i t t e d  b e f o r e  break-  

down € o r  t h e  greater  d i f f e r e n c e  f r e q u e n c i e s .  It  i s  t o  be no ted  t h a t  changing 

t h e  f r e q u e n c y  s p a c i n g  d i d  n o t  change t h e  breakdown power a p p r e c i a b l y  f o r  

two s i g n a l s ,  F ig .  1 7 .  

Three - Frequency Breakdown, Unequal Frequency Spac ing  

F i g u r e  13 shows t h e  r e s u l t s  o f  measurements made by h o l d i n g  t h e  two 

dnd f r e q u e n c i e s  c o n s t a n t  a t  236 and 244 M c  wh i l e  changing t h e  f r e q u e n c y  of 

+he remaining s i g n a l .  The g r a p h  is  g i v e n  i n  terms of Ilk = 6/f , 

where (a/ 2n is now 4 M c  and 6/ 2 71 is t h e  d i f f e r e n c e  i n  f requeney 

of t h e  middle-frequency s i g n a l  from 240 Mc. Breakdown power i s  s e e n  t o  

remain r e l a t i v e l y  c o n s t a n t ,  r e g a r d l e s s  of t h e  f r e q a e n c y  of t h e  middle- 

f r e q b e n c y  s i g n a l .  The v a l u e  shown i n  F i g .  13  a g r e e s  a l s o  w i t h  t h a t  shown 

in F i g .  it3 f o r  a d i f f e r e n c e  frequency of 4 M c .  It seems Ehat f o r  t h r e e  sLg- 

n a l s  , of e q u a i  amp1 i t u d e  , breakdown Ls de te rmined  by t h e  d i f f e r e n c e  berween 



29 

t h e  two extreme f r e q u e n c i e s  and allows s l i g h t l y  g r e a t e r  power to be t r a n s -  

m l t t e d  if t h r s  d i f f e r e n c e  is l a r g e r .  

Fcu r  - Frequency Breakdown 

N o  measurements were made t o  determine breakdown w i t h  t h e  r a d i a t i o n  of 

f o u r  s f g n a l s ,  because of t h e  t e d i o u s  and l e n g t h y  methods of measurement used .  

However. i t  w a s  no ted  from t h e  two- and t h r e e - f r e q u e n c y  breakdown measure- 

ments t h a t  t h e  a c t u a l  breakdown power was abou t  1 .5  db  (2 s i g n a l s )  t o  3 db 

(Ti s r g n a i s )  from t h e  t h e o r e t i c a l  minimum power. F i g u r e  1 9  h a s  a s p e c u l a t i v e  

i n t e r e s t  o n l y ,  b u t  n e v e r t h e l e s s  it may be wor th  some c o n s i d e r a t 5 o n .  I t  

shows, as  a f u n c t i o n  of t h e  number of e q u a l  ampl i tude  s i g n a l s ,  measured 

breakdown power as  compared t o  s i n g l e - f  requency breakdown power. I t  a l s o  

shows t h e  t h e o r e t i c a l  minimum power f o r  e a c h  number of s i g n a l s .  Note t h a t  

t h e  measured value f o r  t h r e e  s i g n a l s  l i es  i n  a range depending on f r equency  

s e p a r a t i o n .  The p o i n t s  are connected by smooth c u r v e s .  The measured 

z:rv.’n_c 

I t  LS i n t a i t f v e l y  f e l t  t t a t  t h i s  procedure h a s  m e r i t ,  s i n c e  it i s  u n l i k e l y  

t h a t  breakdown by 4 s i g n a l s  w i l l  d i f f e r  a p p r e c i a b l y  i n  c h a r a c t e r  from 

r r ra t  of 2 and 3 s i g n a l s .  The breakdown f o r  4 s i g n a l s  is expec ted  t o  have 

a range of v a l u e s ,  l r k e  t h a t  shown, depending on f r e q u e n c y  spac ing .  I n  

prac+-:ces some leeway must c e r t a i n l y  be a l lowed  f o r  t h e  p o s s i b l e  i n a c c u r a c y  

of t n i s  e x t r a p o l a t i c n ,  and it i s  l i k e l y  t h a t  t h e  smallest  v a l u e  of abour  

- 3  d b  would be observed.  

putended on t o  4 s i g n a l s ,  even though no measurements were made. 

Mu1 T If requeney Breakdown, gneqilal Amp1 f t u d e  S i g n a l s  - 
Again no measurements were made because  of t h e  many p o s s i b l e  corn- 

blnatrons of s Lgnal f r e q a e n c i e s  and a m p l i t x d e s .  A s  w i t h  eqi-lal ampl i tude  
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s i g n a l s  a t h e o r e t i c a l  minimum t o t a l  power can  be o b t a r n e d  by assuming t h a t  

t h e  s i g n a l s ,  add ing  d i r e c t l y ,  a c t  t o  cause CW breakdown. Thus f o r  m s i g n a l s  

of unequa l  a m p l i t u d e ,  w i t h  r e s p e c t i v e  powers P1, P2, . . . Pm, t h e  t o t a l  

r a d i a t e d  power i s  
m 

n = l  

S e s r i n g  t h e  s q u a r e  of t h e  sum of the  a m p l i t u d e s  e q u a l  t o  t h e  power f o r  

CW breakdown a t  t h e  same mean f r equency  and a l t i t u d e  g i v e s  t h e  f o l l o w i n g  

c r i t e r E o n  a s  a lower l i m i t  on t h e  power which can be r a d i a t e d  

9 

cw (41 1 

The measurements d e s c r i b e d  p r e v i o u s l y  showed t h a t  f o r  e q u a l  amp1 i t u d e  

s i g n a l s  t h e  l e f t  s i d e  of Eq. (41) could i n  p r a c t i c e  exceed t h e  r i g h t  s i d e  

by 1 .5  d b  f o r  two s i g n a l s  and 2.4 t o  3.1 db  for t h r e e  s i g n a l s  b e f o r e  

breakdown occurred .  i i -  L L L L  yIL..- --m- + e m ,  ----.- +he measurements showed t h a t  

CW 
P < P  n (42) 

n = l  

by 1 .5  d b  f o r  two s i g n a l s  and 1 . 7  t o  2 .4  db  f o r  t h r e e  s i g n a l s  a t  t h e  

t i m e  of breakdown. 

C o n s i d e r  two s i g n a l s  of unequal: ampl i tude .  An upper  l i m r t  on t h e  

r a d i a t e d  power is t h a t  o b t a i n e d  by i g n o r i n g  t h e  smaller s i g n a l ,  making t h e  

s i g n a l  power of t h e  g r e a t e r  sEgnal e q u a l  t o  CW breakdown. A l ower  l f m i t  

cou ld  be o b t a i n e d  by assuming b o t h  s r g n a l s  t o  be of The same a m p l i t x d e ,  

thar of t h e  l a r g e r  s i g n a l .  Then t h e  t o t a l  power of t h e  two s i g n a l s  m u s t  

be a t  Peast 1 . 5  d b  below t h e  CW breakdown power. T h u s  t h e  breakdown f o r  
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t h e  EVO s i g n a l s  w i l l  be .fn t h e  r e g i o n  from 0 to 1.5 db below t h e  CW break-  

down power f o r  t h a t  a n t e n n a ,  f r e q u e n c y ,  and a l t S t u d e .  

With t h r e e  s i g n a l s  unequal  i n  ampl i tude ,  t h e  breakdown v a l u e  for 

total power w i l l  be I n  t h e  range 0 t o  2.4 db  below CW breakdown. The 

t o t a l  power breakdown v a l u e  for f o u r  signals, assuming t h e  e x t r a p o l a t i o n  

of a p r e v r o u s  s e c t i o n  t o  be v a l i d ,  w i l l  be somewhere i n  t h e  range 0 t o  3 db 

below CW breakdown power. 



V. CONCLUSIONS 

It has been s e e n  from t h e  work r e p o r t e d  h e r e i n  t h a t  when a n  a n t e n n a  

is used t o  radiate more t h a n  one s i g n a l  l e s s  t o t a l  power can  be r a d i a t e d  

b e f o r e  breakdown t h a n  when one CW s i g n a l  o n l y  i s  t r a n s m i t t e d .  Very l i t t l e  

can  be done t o  improve t h i s  s i t u a t i o n .  Use of a wide f r e q u e n c y  s e p a r a t i o n  

f o r  t h r e e  t r a n s m i t t e d  s i g n a l s  a p p e a r s  t o  h e l p  s l i g h t l y ,  b u t  n o t  s i g n i f i c a n t l y .  

The c e n t e r  f r equency  a p p e a r s  t o  matter l i t t l e .  

The problem is b a s i c a l l y  one of improving t h e  breakdown c h a r a c t e r i s t f c s  

f o r  Cw t r a n s m i s s i o n ,  and a l t h o u g h  t h a t  is not  t h e  s u b j e c t  of this r e p o r t  

t h e  c u r v e s  of CW breakdown a t  v a r i o u s  f r e q u e n c i e s  show c l e a r l y  t h a t  a 

c o n s i d e r a b l e  improvement can  be expec ted  by u s i n g  t h e  h i g h e r  f r e q u e n c i e s .  

T h i s  r e p o r t  has g i v e n  v a l u e s  of t o t a l  power, i n  terms of CW breakdown 

power, which w i l l  c ause  breakdown f o r  

f o u r  s i g n a l s  r ad ia t ed  s i m u l t a n e o u s l y .  

two, t h r e e ,  and ,  by e x t r a p o l a t i o n ,  
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